Fouling characteristics of various thin film composite polyamide reverse osmosis (RO) and nanofiltration (NF) membranes were systematically investigated using a high organic surficial groundwater obtained from the City of Plantation, Florida. Prior to bench-scale fouling experiments, surface properties of the selected RO and NF membranes were carefully analysed in order to correlate the rate and extent of fouling to membrane surface characteristics, such as roughness, charge and hydrophobicity. More specifically, the surface roughness was characterized by atomic force microscopy, while the surface charge and hydrophobicity of the membranes were evaluated through zeta potential and contact angle measurements, respectively. The results indicated that membrane fouling became more severe with increasing surface roughness, as measured by the surface area difference, which accounts for both magnitude and frequency of surface peaks. Surface roughness was correlated to flux decline; however, surface charge was not. The limited range of hydrophobicity of the flat sheet studies prohibited conclusions regarding the correlation of flux decline and hydrophobicity.
characteristics, regardless of fouling types, are major factors affecting the rate and extent of membrane fouling. Among such factors are surface roughness Vrijenhoek et al. 2001; Hoek et al. 2003; Myung et al. 2005; Zhao et al. 2005) , charge Childress & Elimelech 2000; Zhan et al. 2004; Myung et al. 2005; Wang et al. 2005 ) and hydrophobicity (Jucker & Clark 1994; Nilson & DiGiano 1996; Cho et al. 2002; Laine et al. 2003) for RO and NF membranes. Presently, the selection of new or replacement membranes for full-scale membrane water treatment facilities is typically based on either bench-scale or pilot scale evaluation of several membranes commercially available at the time of testing (Fu et al. 1994) . A more fundamental approach, based on membrane surface properties, is not commonly explored for the selection of membranes. In order to achieve this goal, a correlation between membrane properties and membrane fouling potential must be established.
In this study, RO/NF membrane film characteristics were characterized using atomic force microscopy (AFM) for surface roughness, streaming potential analysis (SPA) for surface charge, and contact angle measurements for hydrophobicity. These characteristics were then related to membrane productivity as determined from flat sheet tests using a high organic groundwater taken from a surficial aquifer that served as the drinking water source for the City of Plantation, Florida. The impact of surface properties on membrane performance was assessed using these results.
MATERIALS AND METHODS

Source water quality
The source water used in this study was an organic rich groundwater used by the City of Plantation's Central Water Treatment Facility, a 45,400 m 3 day 21 (12 2 mgd) membrane softening plant located in south Florida. This water originated from the surficial Biscayne Aquifer and had very consistent water quality year-round. The pH of this water was near neutral, and both hardness and alkalinity values were high. Both iron and total organic carbon values were relatively high at approximately 1.5 mg l 21 and 22 mg l 21 , respectively. Finally, the temperature of this water was typical of south Floridian groundwaters, measuring 258C (778F).
Water samples were collected from the City of Plantation's Central Water Facility on 28 July 1999 for testing purposes. These samples were taken from one of eight wells that feed the Central Water Facility with water from the Biscayne Aquifer. These samples were immediately analysed to determine a host of water quality parameters. The average values of the measured parameters followed relatively closely to the values reported by the utility, as shown in Table 1 , with few exceptions. Both the measured pH and total dissolved solids values of the samples averaged slightly higher, at 7.9 and 427 mg l 21 , respectively, than the reported values of 7.1-7.2 and 349 mg l 21 . Total organic carbon measured slightly less than the value reported by the utility at 17.5 mg l 21 . Hardness and alkalinity values of 333 mg l 21 as CaCO 3 and 281 mg l 21 as CaCO 3 , respectively, agreed very well with the reported values of 307 mg l 21 as CaCO 3 and 276 mg l 21 as CaCO 3 .
The molecular weight distribution of the natural organic matter (NOM) present in the source water was determined by high performance liquid chromatography-size exclusion chromatography (HPLC-SEC, Waters) with a protein-pak column and a 20 ml sample loop (Shimadzu) (Amy et al. 1992) , which allowed a separation range of 1.0-30.0 kDa. The lower detection limit of 58 Da was identified and verified using an acetone solution. Standards for the molecular weight calibration curve were prepared with sodium polystyrene 
Membrane filtration unit
The membrane filtration unit consisted of two identical, low foulant, stainless steel test cells (Sepa CF, Osmonics Inc.) 
Membrane filtration experiments
The fouling behaviour of each membrane was assessed through bench-scale filtration experiments. Prior to fouling experiments, the membrane filtration unit was cleaned thoroughly using sodium dodecyl sulphate and sodium laurel sulphate (SDS and SLS), sodium hydroxide and citric acid solutions. The membrane sections were then placed in each test cell and sealed via a hydraulic press, per manufacturer instructions. All filtration studies were preceded by a stabilization period in which the membranes were equilibrated with deionized (DI) water, which contained 10 23 M NaHCO 3 (pH < 7.9), for 18-24 h, at a pressure that produced the predetermined initial flux e.g.
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where: z ¼ zeta potential V s ¼ streaming potential 
RESULTS AND DISCUSSION
Organic analysis
The molecular weight distribution of the dissolved organic material or natural organic matter (NOM) in the City of Plantation raw water is presented in Figure 1 . As shown, a significant portion of the organic matter was high in molecular weight (above 1,000 g mol 21 ). The results obtained from the fractionation onto XAD 8/4 resins revealed that the majority (54.9%) of the organic matter was hydrophobic in nature as presented in Figure 2 , which may suggest a greater propensity for organic fouling.
Bench-scale membrane performance
The fouling behaviour of selected RO/NF membranes was first investigated via bench-scale filtration experiments using the highly organic ground water used by the membrane softening plant at the City of Plantation, Florida. Figure 3 shows permeate flux versus operation time for RO and NF membranes tested, and it should be noted that the permeate flux shown in this figure was the average flux for two fouling test runs. While all membranes suffered a loss of flux, the severity of membrane fouling was different among membranes. The order of RO membranes in increasing fouling rate was LFC-1, BW-30FR, and X-20; while the order of NF membranes in increasing fouling rate was HL, TFC-ULP, and NF-70. The initial MTCs as determined by flat sheet testing were the same as specified in the literature by manufacturer, which indicated these tests were representative of the membrane films used in the commercially available elements.
The TOC and TDS selectivity of each membrane is shown in Table 2 , and was evaluated to further verify that the membrane samples were representative of the film in the commercially available elements. As expected, all RO membranes rejected more TDS and TOC than did NF membranes. The higher RO rejection was generally attributed to the 'tightness' of RO membranes, as shown by corresponding lower MTC values.
Surface roughness
In general, the roughness of any surface is dependent on the size, shape, frequency and distribution of the surface Table 3 . For the six different RO/NF membranes analysed, the average roughness ranged from 10.1 to 56.7 nm. The order of increasing average membrane roughness of RO membranes was X-20, LFC-1 and BW-30FR. The order of It is important to understand the difference between average roughness and surface area difference when assessing the roughness of a membrane surface. Depending on the frequency and distribution of surface projections, these parameters can give very different results for the surface roughness. For example, the LFC-1 membrane had an average roughness of 52.0^67.4 nm, as shown in Table   3 , and had the second highest average roughness of the RO membranes tested. However, owing to few peak counts, LFC-1 exhibited only 16.9% surface area difference, the lowest surface area difference measured for the RO membranes tested. The X-20 membrane, on the other hand, possessed numerous smaller peaks averaging 33.4^41.6 nm (Table 3 ) and had the lowest average roughness of the RO membranes tested. Due to the high peak frequency, the surface area difference of the X-20 membrane was 32.7%, the highest surface area difference measured for the RO membranes tested. While an increase in peak count may not significantly affect the average roughness, it can dramatically increase the surface area difference, as was the case with X-20.
Surface charge
RO and NF membranes often acquire a charge on their surface when brought into contact with an aqueous solution.
The surface charge was quantified by assessing the zeta potential at the plane of shear from the measured streaming potential using the Helmholtz-Smoluchowski relationship.
The zeta potentials of the selected membranes were measured at various solution pHs and their results are presented in Figure 5 . The experimental results clearly 1995) . This trend arises in thin-film composite membranes from the dissociation of various functional groups (typically carboxyl) located on the surface of the membrane with increasing pH and pendant amino groups (Childress & Elimelech 1996) . The zeta potential of the membranes at a pH value of 7.9 (i.e. pH of Plantation City groundwater) ranged from 2 5.4 to 2 15.0 mV, based on the exponential trend lines developed under the given solution chemistry ( Table 3 ). The membranes in order of increasing magnitude of surface charge are LFC-1, BW-30FR and X-20 for RO membranes and HL, NF-70 and TFC-ULP for NF membranes.
Hydrophobicity
Contact angle measurements are often utilized as an indication of the hydrophobicity of a membrane surface.
The origin of contact angles lies in the interactions between the solid-liquid, solid -gas and liquid -gas interfaces. The difference between the attractive forces of molecules in each phase and the attractive forces between neighbouring phases results in an interfacial energy. The distribution of this energy causes one fluid to contract, which results in the formation of the contact angle (Gourley et al. 1994; Marmur 1996) . Figure 6 and Table 3 show the results of the contact angle measurements for each of the six selected membranes.
The contact angle of the membranes were within a narrow range of 51.78 to 55.38. Based on accepted interpretations of contact angle measurements, all six RO/NF membranes tested were hydrophilic (contact angles between 08 and 908), with varying degrees of hydrophobicity. The membranes in order of increasing membrane hydrophobicity were LFC-1, X-20 and BW-30FR for the RO membranes and HL, TFC-ULP and NF-70 for the NF membranes.
Correlation between surface properties and fouling
The membranes. However, the flux decline ratio for the RO membranes was not visually well correlated to average roughness. Plots of surface area difference versus flux decline ratio appear visually related as shown by the consistent positive slopes for both RO and NF membranes as shown in Figure 8 . Although there is not adequate data for statistical interpretation, the R 2 (also known as the square of the Pearson product moment correlation coefficient and an interpretation of the proportion of the variance in the dependent variable that is attributable to the variance in the independent variable) shown in Table 4 provides a relative comparison of the relationships between surface area difference and flux decline ratio, and average roughness and flux decline ratio. The R 2 in Table 4 show that the flux decline ratio is more dependent on surface area difference than average roughness. More specifically, X-20 with a smaller average roughness suffered more flux decline than LFC-1, because it had more surface features and thus more surface area. These findings, combined with source water quality data indicating high organic content, suggest that the surface area difference is a superior indicator for organic fouling than average roughness, because only surface area difference accounts for increased surface area, which is available for adsorption.
In addition to surface roughness, membrane surface charge and hydrophobicity values were plotted against the corresponding flux decline ratios. The results revealed that both parameters were poorly related to flux decline ratio for the given experimental conditions. Specifically, there was no clear trend observed for the NF membranes investigated.
Furthermore, an inverse relationship between zeta potential and flux decline ratio was even noted for the RO membranes although the correlation coefficient was relatively low. This finding may indicate that the source water tested was composed of a multitude of foulants with various electrokinetic properties. No clear correlation was established between the contact angle (i.e. hydrophobicity) and flux decline ratio. This is not surprising since the range of membrane hydrophobicity studied was very narrow, which hindered the development of any discernable trends (refer to Figure 6 ). Poor correlation of charge and hydrophobicity with membrane fouling suggest that surface roughness plays a dominant role in the initial stage of membrane fouling relative to other surface properties. Similar results were also observed in a study conducted by Vrijenhoek et al. (2001) who investigated the mechanisms of colloidal fouling using similar membranes. The lack of correlation with charge and hydrophobicity can be attributed to the degree of ionization of the film surface and organic foulants in the bulk water.
Natural organic solutes could well adsorb onto the surface and increase resistance of the mass transfer of water though the film, which would appear independent of charge.
CONCLUSIONS
During RO/NF filtration of a high organic surficial groundwater, membrane fouling clearly increased with increasing surface roughness, as measured by the surface area difference. Based on visual correlations and relative statistical analyses utilizing R 2 and probability values (also known as P-values, which represent the probability of samples that could have been drawn from test populations assuming the null hypothesis was true), it was determined that this parameter provided a better indicator of fouling potential especially for organic adsorption than average surface roughness which is normally used to represent surface roughness, because of its inherent inclusion of both magnitude and frequency of peaks. Membrane charge and hydrophobicity were, on the other hand, loosely related to permeate flux decline, suggesting that surface roughness is a dominating factor affecting initial fouling rate.
